Consumption of a low-protein, high-carbohydrate diet induces a striking increase in circulating fibroblast growth factor-21 (FGF21), which is associated with improved cardiometabolic health and increased longevity. Increased lifespan during this dietary protein "dilution" has been explained by resource-mediated trade-offs between reproduction and survival, such that fecundity is optimized at a greater relative intake of proteins/carbohydrates. The magnitude of this trade-off is thought to be sex-dependent. In this study, we tested the hypothesis that metabolic responses to dietary protein dilution are likewise dependent on sex. We maintained age-matched adult male and female C57BL/6J mice on isocaloric diets containing 22% fat and differing in the ratio of protein/carbohydrate. The normal protein (NP) control diet contained 18% protein and 60% carbohydrate by kcal. The protein diluted (PD) diet contained 4% protein and 74% carbohydrate. Consistent with previous reports, PD males gained less weight and less fat than did normal protein controls and exhibited both improved glucose tolerance and decreased plasma lipids. In contrast, these metabolic benefits were absent among age-matched females maintained on the same diets. Likewise, whereas circulating FGF21 was increased up to 66-fold among PD male mice, this was substantially blunted among female counterparts. Sex differences in energy balance, glucose control, and plasma FGF21 were reversed upon ovariectomy. Collectively, our findings support that female mice are relatively less sensitive to the metabolic improvements observed following dietary protein dilution. This is accompanied by blunted circulating levels of FGF21 and requires an intact female reproductive system. (Endocrinology 158: 3477-3487, 2017) D ietary macronutrient content is thought to profoundly influence metabolic health and longevity. Whereas much literature, accumulated over many years, was focused on the relative merits of consuming highcarbohydrate vs high-fat diets, the importance of dietary protein intake has received comparatively less attention (1). However, exciting recent evidence indicates that consuming a diet low in protein, relative to carbohydrates in particular, engages key metabolic signaling pathways to improve indices of cardiometabolic risk and promote healthy aging (2, 3). Specifically, a decrease in the ratio of dietary proteins/carbohydrates (P/C) reduced weight gain and adiposity while increasing energy expenditure and markers of browning in white adipose tissue (WAT) in mice (4-6). Likewise, when the "geometric framework" was used to measure the health-span effects of varying energy and macronutrient consumption, low protein intake was associated with improved cardiometabolic health and longevity in ad libitum-fed mice (2, 7, 8). Lastly, low dietary protein intake has been associated with increased insulin sensitivity (1) as well as the reduced risk of type 2 diabetes (9), cancer (3), and overall mortality (3) in human populations.
D
ietary macronutrient content is thought to profoundly influence metabolic health and longevity. Whereas much literature, accumulated over many years, was focused on the relative merits of consuming highcarbohydrate vs high-fat diets, the importance of dietary protein intake has received comparatively less attention (1) . However, exciting recent evidence indicates that consuming a diet low in protein, relative to carbohydrates in particular, engages key metabolic signaling pathways to improve indices of cardiometabolic risk and promote healthy aging (2, 3) . Specifically, a decrease in the ratio of dietary proteins/carbohydrates (P/C) reduced weight gain and adiposity while increasing energy expenditure and markers of browning in white adipose tissue (WAT) in mice (4) (5) (6) . Likewise, when the "geometric framework" was used to measure the health-span effects of varying energy and macronutrient consumption, low protein intake was associated with improved cardiometabolic health and longevity in ad libitum-fed mice (2, 7, 8) . Lastly, low dietary protein intake has been associated with increased insulin sensitivity (1) as well as the reduced risk of type 2 diabetes (9), cancer (3), and overall mortality (3) in human populations.
Dietary protein dilution increases both hepatic expression and circulating concentrations of the hormone fibroblast growth factor-21 (FGF21) (1, 5, 6) . FGF21 acts at its receptors in various metabolic tissues to coordinate multiple improvements in whole-body metabolism, including reduced body weight and body fat, browning of WAT, decreased hepatic and circulating triglycerides, decreased fasting blood glucose, and improved glucose tolerance (10) (11) (12) (13) (14) . In agreement with this, recent findings support that the metabolic benefits of dietary protein dilution require FGF21 (1, 5, 6) .
Longer lifespan under dietary protein dilution has been explained by resource-mediated trade-offs between reproduction and survival (15, 16) , such that fecundity is optimized at a greater relative intake of proteins and carbohydrates, whereas longevity is optimized at a lesser P/C ratio (7) . The magnitude of this trade-off, which can be conceptualized as the difference between the two optima, is thought to be sex-dependent (17, 18) . In one recent study, the optimal ratio of P/C for maximizing lifespan in male mice was 1:13, whereas the optimal ratio of for maximizing both testes mass and sperm counts was 1:1. The trade-off for females was minimal, however, with the optimal P/C ratio for maximizing lifespan in female mice being 1:11, whereas the ratio of P/C maximizing number of corpora lutea (reflecting successful ovulation) was also 1:11 (7) . This led us to hypothesize that females are relatively less sensitive to the metabolic and endocrine consequences of dietary protein dilution.
Materials and Methods

Animals
All animal experiments were approved by the Institutional Care and Use Committees of the University of California, Davis and/or The Jackson Laboratory (Sacramento, CA). Age-matched male and female C57BL/6J mice, 8 to 12 weeks of age (n = 9 to 15 per group), were obtained from The Jackson Laboratory, or were bred in-house, two generations removed from founders obtained from The Jackson Laboratory. Mice were singly housed on a 12-hour light, 12-hour dark cycle in a temperature-(20°C to 22°C) and humidity-controlled vivarium with ad libitum access to food and water unless otherwise noted.
Ovariectomy
Ovariectomy was performed under isoflurane anesthesia by surgeons at The Jackson Laboratory, when mice were 7 weeks of age. Briefly, a 4-to 7-mm incision was made parallel and ventral to the spine midway between the last rib and the iliac crest. Forceps were used to grasp and exteriorize the ovarian fat pad, the ovary was excised, and the uterine horn was replaced in the abdominal cavity. The abdominal wall was sutured with absorbable suture and the skin incision was closed with a wound clip. Bupivacaine was applied to the edges of the skin incision prior to closure. This procedure was repeated for removal of the other ovary. Postoperatively, mice were examined daily by surgery technicians and additional analgesia was given as needed. Mice were recovered from the surgical procedure for 7 days and skin closure material was removed prior to shipment. Upon arrival at the University of California, Davis facility, ovariectomized (OVX) mice and age-matched male and female intact controls acclimated for 12 days before beginning the diet studies.
Diets
Isocaloric, purified controlled diets (D11051801 and D11092301) [as in Laeger et al. (5, 6) ], were manufactured by Research Diets (New Brunswick, NJ) (see Table 1 for greater detail).
Body composition
Body composition was measured by time domain nuclear magnetic resonance using a Minispec LF110 body composition analyzer (Bruker, Billerica, MA).
Glucose tolerance tests
On the day of the test, mice were fasted into clean cages at the onset of the light cycle. After a 6-hour fast, we administered 2 g/kg body weight dextrose with an intraperitoneal injection. Blood glucose was measured from the tail vein (Accu-Check glucometer and Aviva strips; Roche Diagnostics, Indianapolis, IN) immediately prior to dextrose injection, and at 15, 30, 60, and 120 minutes postinjection.
Gene expression
Adipose tissue was collected at euthanasia on day 30 and snapfrozen for later analysis. Total RNA was isolated from tissues using the RNeasy mini kit (Qiagen, Hilden, Germany). Complementary DNA was synthesized using the a high-capacity complementary DNA reverse transcription kit (Life Technologies/Thermo Fisher, 
Plasma analyses
Day 4, 14, and 21 plasma was obtained by submandibular bleed, 2 to 3 hours after the onset of the light cycle. Day 30 plasma was obtained from trunk blood at euthanasia. In both instances, whole blood was collected in chilled EDTA-coated tubes and centrifuged at 3000 3 g for 15 min at 4°C. Plasma was stored at 280°C for later use. FGF21 was measured using a commercially available enzyme-linked immunosorbent assay kit (rat/mouse FGF21 enzyme-linked immunosorbent assay kit; Millipore, Billerica, MA) according to the manufacturer's instructions. Plasma triglycerides were analyzed using a Thermo Fisher Diagnostics triglycerides reagent (TR22203). Plasma cholesterol was analyzed using a Thermo Fisher Diagnostics Infinity cholesterol liquid stable reagent (TR13421). Assays for both plasma triglycerides and cholesterol were performed by the University of California, Davis Mouse Metabolic Phenotyping Center at the University of California, Davis. Samples flagged by the Mouse Metabolic Phenotyping Center for poor quality were removed from further analysis.
Statistical analysis
Data were analyzed using GraphPad Prism (GraphPad Software, La Jolla, CA) and/or SigmaStat (Systat Software, San Jose, CA) by a t test and/or the appropriate model analysis of variance (ANOVA) as indicated. Planned comparisons were made using a Tukey honest significant difference test. Data are plotted as means 6 standard error of the mean unless otherwise noted.
Results
Protein dilution and energy balance
Several recent studies report a profound effect of dietary protein dilution to decrease feeding efficiency while improving metabolic health in male mice (1, 5, 6) . To determine the effect of sex on these outcomes, we maintained age-matched adult male and female C57BL/6J mice on purified, isocaloric diets containing 22% fat and different P/C ratios for 2 weeks. The normal protein (NP) control diet contained 18% protein and 60% carbohydrate whereas the protein diluted (PD) diet contained 4% protein and 74% carbohydrate by kcal [all diets as in Laeger et al. (6)] (see Table 1 for complete diet contents). In agreement with the literature, PD males gained less weight [ Fig. 1 (A) and 1(B)] as both fat and lean mass [ Fig. 1 (E) and 1(F)] compared with males maintained on the NP diet. Importantly, the effect of P/C on these endpoints depended on sex [two-way ANOVA, P (diet 3 sex) , 0.01, Tukey post hoc P , 0.001], such that there was no difference in weight gain or body composition (by time domain nuclear magnetic resonance, Bruker BioSpin) among females maintained on the same NP and PD diets [ Fig. 1(B) , 1(E), and 1(F)]. Food intake did not differ among the groups [ Fig. 1(C) ]. Thus the effect of diet on feeding efficiency depended on sex [P (diet 3 sex) , 0.001] such that PD male mice exhibited decreased feeding efficiency compared both to NP-fed males and to PD females, and there was no effect of P/C ratio among female mice (Tukey post hoc P , 0.001) [ Fig. 1(D) ]. Taken together, these findings support the conclusion that females are relatively less sensitive to the effects of dietary protein dilution on whole-body energy balance.
Protein dilution, glucose tolerance, and plasma lipids
In a second experiment, comparable age-matched male and female C57BL/6J mice were maintained on NP and PD diets for 4 weeks. Again, there was reduced fat mass gain among male, but not female, mice maintained on the PD diet [P (diet 3 sex) , 0.05, Tukey post hoc P , 0.05] [ Fig. 2(A) ]. There was no effect of either sex or diet on change in lean mass [ Fig. 2 
Protein dilution and markers of adipose tissue thermogenesis
Mice from the second experiment were euthanized on day 30 and tissues were collected for further analysis. Dietary protein dilution is thought to induce weight loss, in part by increasing thermogenesis in both brown adipose tissue (BAT) and WAT (5) . We dissected and weighed intrascapular BAT (iBAT) and measured thermoregulatory gene expression in both iBAT and inguinal WAT (iWAT). iBAT depot weight did not vary according to either diet or sex [ Fig. 3(A) ], and there was no effect of sex or diet on the expression of Pgc1a [ Fig. 3(C) and 3(E) ]. Consistent with the decreased feeding efficiency of PD-fed male mice, as well as with previous reports (5), Ucp1 gene expression was increased by PD feeding in both iBAT and iWAT [P (diet) , 0.05], with the effect being more robust among males (Tukey post hoc P , 0.05) [ Fig. 3(B)  and 3(D) ].
Protein dilution and FGF21
Accumulating evidence indicates that circulating FGF21 is dramatically increased in response to dietary protein dilution, and that FGF21 is the primary mechanism required to mediate the beneficial metabolic responses to this dietary manipulation (1, 5, 6) . We therefore measured plasma FGF21 after 4, 14, and 30 days of NP and PD feeding. As previously reported, circulating FGF21 was greatly increased by protein dilution. The magnitude of this increase depended on sex [P (diet 3 sex) , 0.05] [Fig. 4(A) and 4(B)], such that day 14 and day 30 PD females exhibited a blunted response compared with PD males at the same time points (Tukey post hoc P , 0.01). FGF21 signals via Fgfr1 and its obligate coreceptor bklotho (Klb) (19) (20) (21) . There was no effect of diet or sex on Fgfr1 expression in iBAT [ Fig. 4(D) ] or on Klb expression in either iBAT or iWAT [ Fig. 4 (C) and 4(E)]. However, the effect of sex on iWAT Fgfr1 expression varied according to diet and sex [P (diet 3 sex) , 0.05]. Whereas Fgfr1 expression was comparable in adipose tissue of NP-fed mice, Fgfr1 expression among female PD-fed mice was 36% less than in male PD-fed mice (Tukey post hoc P , 0.01) [Fig. 4(F) ]. Taken together, these findings suggest the possibility that sex differences in the metabolic response to dietary protein dilution may result, at least in part, from differences in the diet-induced production of FGF21 and/or altered expression of its receptors. There was no effect of diet or sex on food intake. (D) Therefore, feeding efficiency was decreased by PD feeding among male mice, whereas there was no effect among females [P (diet 3 sex) , 0.001]. (E) Body fat gain was decreased among PD-fed vs NP-fed male mice, whereas there was no effect of diet on body fat gain among females [P (diet 3 sex) , 0.01]. (F) Lean mass gain was also decreased among PD-fed vs NP-fed male mice, whereas there was no effect among females [P (diet 3 sex) , 0.01]. Data are shown as mean 6 SE, n= 15 mice per group. *P , 0.05, **P , 0.01, ***P , 0.001 by Tukey post hoc test.
Protein dilution in OVX females
To explore the role of the ovaries in these outcomes, we repeated these studies in OVX female C57BL6/J mice, together with age-matched intact female and intact male controls. Mice were further divided into weight-matched groups consuming either NP or PD diets for 4 weeks. Again, male mice maintained on the PD diet gained less weight compared with their counterparts maintained on the NP diet. Likewise, PD-fed OVX females gained less weight compared with OVX females maintained on an NP diet. However, there was no difference in weight gain among intact female mice maintained on the same NP and PD diets [ Fig. 5(A)] . Thus, the effect of the P/C ratio depended on group Figure 2 . Protein dilution, glucose tolerance, and plasma lipids. (A) In a second experiment, male mice maintained on a PD diet gained less body fat during the 30-day study compared with males maintained on an NP diet, whereas there was no effect among females [P (diet 3 sex) , 0.05]. (B) There was no effect of diet or sex on lean mass. (C) Males maintained on a PD diet exhibited improved glucose tolerance, relative to males maintained on an NP diet [P (diet) , 0.05]. (D) There was no effect of diet on glucose tolerance among female mice. Body weight (g) on the day of the glucose tolerance test is shown in (E). (F) Mice maintained on a PD diet exhibited decreased plasma triglycerides compared with mice maintained on an NP diet [P (diet) , 0.05]. (G) PD-fed male mice exhibited lower plasma cholesterol compared with NP-fed males, whereas there was no effect among female mice [P (diet 3 sex) , 0.01]. n = 9 to 13 mice per group. *P , 0.05, **P , 0.01, ***P , 0.001 by a Tukey post hoc test.
[two-way ANOVA, P (diet 3 group) , 0.001, Tukey post hoc P , 0.01]. Food intake was greater in males compared with both intact and OVX females, and it was greater in PD mice compared with NP-fed mice [P (group) , 0.01, P (diet) , 0.01]. Within males, PD mice ate more than did NP-fed mice (Tukey post hoc P , 0.001) [ Fig. 5(B) ]. The effect of diet on feeding efficiency depended on group [P (diet 3 group) , 0.001] such that PD males and OVX females had decreased feeding efficiency, whereas there was no effect of diet on feeding efficiency among intact females (Tukey post hoc P , 0.001) [ Fig. 5(C) ]. Taken together, these findings support the hypothesis that sex differences in the effects of dietary protein dilution on whole-body energy balance depend on an intact female reproductive system.
In an intraperitoneal glucose tolerance test on day 28, males and OVX females maintained on a PD diet had improved glucose tolerance compared with their counterparts maintained on an NP diet [P (diet) , 0.01, Tukey post hoc P , 0.01] [ Fig. 6 (A) and 6(C)], with no difference between the PD-fed and NP-fed intact females [ Fig. 6(B) ]. There was a significant effect of group on circulating triglycerides on day 30 [P (group) , 0.001] [ Fig. 6(E) ]. Within males, PD mice again had lower triglycerides than did NP mice (Tukey post hoc P , 0.05). The effect of diet on plasma cholesterol depended on group [P (diet 3 group) , 0.001], such that the PD diet reduced circulating cholesterol among males (Tukey post hoc P , 0.01). In contrast, PD feeding increased circulating cholesterol in both intact and OVX females (Tukey post hoc P , 0.05) (Fig. 6(F) ]. These findings indicate that the benefits of dietary protein dilution to improve glucose tolerance depend on an intact female reproductive system, whereas the sex differences observed for plasma lipids do not.
We measured FGF21 from plasma collected on day 21. Circulating FGF21 was again dramatically increased by PD feeding. However, the magnitude of the increase depended on group [P (diet 3 group) , 0.001] [ Fig.  6(G) ], such that plasma concentrations of FGF21 were higher among both PD-fed males and PD-fed OVX females compared with intact PD-fed female mice (Tukey post hoc P , 0.001). (E) There was no effect of diet on iWAT Pgc1a. n= 6 to 13 mice per group. *P , 0.05, **P , 0.01, ***P , 0.001 by a Tukey post hoc test.
Discussion
Accumulating evidence now demonstrates that dietary protein dilution elicits improvements in various indices of cardiometabolic health in both male mice and men. A low dietary P/C ratio is associated with increased energy expenditure and reduced feeding efficiency, resulting in weight loss, improved glucose tolerance, decreased plasma triglycerides, and decreased plasma cholesterol, despite similar or even increased caloric intake (1-3, 5, 8, 9, 22) . Such findings are compelling because they suggest potential dietary guidelines that would allow individuals to "ingest a surfeit of calories that are burned off effortlessly" (23) while promoting metabolic health. In the present study, we identify a robust sex difference in the metabolic response to this dietary protein dilution, such that intact females exhibited no such benefits from a low P/C ratio.
When male mice were maintained on a low-protein, high-carbohydrate diet, the metabolic response was similar in several respects to that induced by general caloric restriction. As has been previously reported, PD male mice gained less weight and less fat compared with male controls maintained on an isocaloric 18% NP diet. During 28 days, males maintained on an NP diet gained twice as much fat mass as counterparts maintained on the PD diet with no differences in lean mass. This difference in body weight and body fat was likely due to increased There was no effect of sex or diet on the relative expression of the FGF21 receptors, Fgfr1 and Klb, in iBAT. (E) There was no effect of sex or diet on the relative expression of Klb in iWAT. (F) The effect of diet on the relative expression of Fgfr1 in iWAT depended on sex [P (diet x sex) , 0.05]. n = 6 to 15 mice per group. *P , 0.05, **P , 0.01, ***P , 0.001 by a Tukey post hoc test. energy expenditure (1, 5, 6 ), because we observed a significantly lower feeding efficiency in PD-fed compared with NP-fed male mice. Also consistent with recently published findings (1), PD-fed males exhibited improved intraperitoneal glucose tolerance. Lastly, we observed a 35% decrease in plasma triglycerides and an 18% decrease in plasma cholesterol among PD-fed vs NP-fed males. Remarkably, all of these benefits were completely absent in age-matched female mice consuming the same NP and PD diets.
Previous work implicates the hepatokine FGF21 as a key molecular mechanism underlying the metabolic benefits of dietary protein dilution among males. FGF21 is a multifunctional metabolic regulator that acts to decrease body weight and body fat by increasing energy expenditure, improving glucose tolerance, and decreasing plasma lipids (10, 11, 14, 24) . FGF21 is robustly induced within 6 hours of PD feeding, and the increase persists for up to 6 months while mice are maintained on the diets. Moreover, the metabolic benefits ascribed to this dietary intervention are abrogated in FGF21 knockout mice (1, 5, 6) . In this study, we report that the induction of FGF21 by dietary protein dilution is significantly blunted in female mice. Laeger et al. (5) recently postulated that circulating FGF21 must reach a threshold or effective concentration to elicit its beneficial metabolic effects. According to this model, the present data suggest the possibility that blunted FGF21 responses to PD feeding among females may not reach the required threshold. Additionally, females may be less responsive to the metabolic effects of FGF21, resulting in part from the observed decreases in FGF receptor expression among female vs male mice maintained on a PD diet. Alternately, there may be an FGF21-independent block in intact females. Future studies will address these different possibilities.
FGF21 stimulates increased thermogenesis in BAT together with browning of WAT and greater expression of Ucp1 in both depots (5) . However, it is not clear that BAT and/or WAT thermogenesis is necessary for Figure 5 . Protein dilution and energy balance: role of the ovaries. (A) Male and OVX female mice maintained on a PD diet gained less weight during the 28-day study compared with male and OVX mice maintained on NP diets, whereas there was no effect of diet on weight change among intact females [P (diet 3 group) , 0.001]. (B) Food intake was greater among male mice and among mice maintained on a PD diet [P (group) , 0.01, P (diet) , 0.01]. (C) Males and OVX females maintained on a PD diet exhibited decreased feeding efficiency compared with males and OVX females maintained on an NP diet. There was no effect of diet on feeding efficiency among female mice [P (group 3 sex) , 0.001]. n = 12 to 13 mice per group. *P , 0.05, **P , 0.01, ***P , 0.001 by a Tukey post hoc test.
the metabolic response to FGF21, because both Ucp1 knockout mice (25) and wild-type mice that have had a major BAT depot surgically removed (26) exhibit typical responses to FGF21 treatement. Likewise, dietary protein restriction is thought to provoke increased thermogenesis in WAT and BAT, and it increases expression of Ucp1. The PD-induced increase of Ucp1 we observed appeared to be more robust among male vs female mice, consistent with the observed metabolic responses. Nonetheless, it is not clear that increased adipose tissue thermogenesis is necessary for the response to a low P/C ratio, because Ucp1 knockout mice exhibit similar metabolic outcomes compared their wild-type littermates (1) .
In light of the substantial effect of sex on metabolic responses to dietary protein dilution, we next sought to understand the role of the ovaries. We repeated these dietary manipulations among both OVX and intact female mice, as well as age-matched intact male controls. When comparing intact males and females, the findings were consistent with the results discussed above. Moreover, for nearly all of these endpoints, the response of OVX females resembled that of males. Importantly, the FGF21 response to a low dietary P/C ratio was blunted among intact females compared with intact males, and this was restored by OVX. Such findings implicate a potential interaction between the ovarian steroid hormones and the proposed molecular mechanisms (e.g., PPARa, GCN2, ATF4) responsible for PD diet-induced FGF21. Moreover, they suggest that the behavioral and metabolic response to dietary macronutrients among females is state-dependent. That is, we predict postmenopausal, pregnant, or lactating females to exhibit different physiological responses to diet composition compared with either males or to cycling females of reproductive age. Additional work is necessary to further delineate such effects.
Conclusions
Given the overwhelming importance of diet to longevity and the maintenance of metabolic health, there is considerable interest in defining optimal nutritional recommendations to maximize public health outcomes. Compelling recent work, conducted with both rodent and human subjects, has identified dietary protein dilution as a potential nutritional prescription for the treatment of metabolic disease (23) . Importantly, maintenance on low-protein, high-carbohydrate diets induces a dramatic upregulation of FGF21, identifying a key nutritional manipulation that can increase physiological availability of this hormone, which is already a popular pharmaceutical target for the treatment of obesity, dyslipidemia, cardiovascular disease, and diabetes (27) (28) (29) (30) . The present findings support a sex-specific metabolic response to this dietary manipulation, associated with differences in plasma FGF21, and highlight the importance of considering both sexes in nutritional and biomedical research (31) . 
